A new reference-quality correlation for the viscosity of methanol is presented that is valid over the entire fluid region, including vapor, liquid, and metastable phases. To describe the zero-density viscosity with kinetic theory for polar gases, a new expression for the collision integral of the Stockmayer potential is introduced. The initial density dependence is based on the Rainwater-Friend theory. A new correlation for the third viscosity virial coefficient is developed from experimental data and applied to methanol. The high-density contribution to the viscosity is based on the Chapman-Enskog theory and includes a new expression for the hard-sphere diameter that is a function of both temperature and density. The resulting correlation is applicable for temperatures from the triple point to 630 K at pressures up to 8 GPa. The estimated uncertainty of the resulting correlation ͑with a coverage factor of 2͒ varies from 0.6% in the dilute-gas phase between room temperature and 630 K, to less than 2% for the liquid phase at pressures up to 30 MPa at temperatures between 273 and 343 K, 3% for pressures from 30 to 100 MPa, 5% for the liquid from 100 to 500 MPa, and 10% between 500 MPa and 4 GPa. At very high pressures, from 4 to 8 GPa, the correlation has an estimated uncertainty of 30% and can be used to indicate qualitative behavior. © 2006 by the U.S. Secretary of Commerce on behalf of the United States. All rights reserved.
Introduction
Methanol ͑CH 3 -OH͒ is a widely used fluid in the chemical and process industries. It is also an important compound for healthcare as well as medical and pharmaceutical applications. The oldest use of methanol is in the conversion of biomass. This process is gaining importance because it produces a fuel that does not cause a net increase of carbon dioxide in the Earth's atmosphere. Even more prominent is the role of methanol as a hydrogen-rich fuel for electrochemical energy converters such as fuel cells. 22 In fact, the future hydrogen economy may largely rely on methanol because it is safer to distribute hydrogen chemically bonded in liquid form than as a pure compound through gas pipelines. Some other applications of methanol include heat pipes in solar energy applications, 68 working fluid in cooling microelectronics, 79 and as an inhibitor of the formation of gas hydrates in pipelines. 69 The development of accurate thermophysical property formulations for methanol will aid engineers involved in process design in these and other fields. In addition, since it is the first member of the homologous series of alkanols, its physical properties will help to characterize the properties of the series as a whole. 27, 58 Although a reference-quality equation of state has been developed for the thermodynamic properties of methanol, 28 a comprehensive study of the viscosity of methanol has not yet been carried out. This work fills this gap by selecting the most reliable measurements as the basis for a new reference correlation for the viscosity of methanol that is valid over the entire fluid region for vapor, liquid, and supercritical states.
There are a number of approaches that have been used to model the viscosity of a fluid over a wide range of conditions including the friction theory model, 106, 107 free-volume and friction models, 1,2,13 other free-volume models, 63, 136 as well as completely empirical correlations. 96 We take a different approach here, and use an advanced residual concept for the correlation of the viscosity. In this approach, the viscosity of a fluid is expressed as a function of density and temperature and contains a zero-density limit term, a linear-in-density term, and a third virial coefficient for the quadratic density term, and higher-density terms for the compressed fluid region. The objective of this work is to apply kinetic theory to the dilute gas, Rainwater-Friend theory, and the third viscosity virial coefficient for the moderately dense gas, and the Enskog dense hard-sphere theory to obtain a correlation for the viscosity of methanol for the entire fluid state that reproduces the most reliable data sets to within their estimated uncertainties and describes the phenomenological behavior of the viscosity of methanol from the triple point to 630 K at pressures up to 8 GPa.
Molecular Structure
Methanol is one of the most polar molecules, and its size, shape, and charge distribution determine its macroscopic properties. Among these, viscosity is most sensitive to molecular interactions as it varies over 23 orders of magnitude from the least viscous gas to the most viscous solid. 75 Molecular features should be accounted for as much as possible to reduce empiricism and to extend the applicability of representative property formulations beyond the range of experimental data. The size, shape, and charge distribution of methanol are illustrated in Fig. 1 in terms of an iso-surface of the electron density at 0.22ϫ 10 10 C m −3 ͑0.002 e − bohr −3 ͒ with the electrostatic potential mapped onto it. 45 This electron density level represents about 98% of a molecule. The isoelectron density surface and the charge distribution were calculated ab initio in the Hartree-Fock approximation using the 6-31G * basis set. 59 The unique interactions between methanol molecules become evident by comparing its molecular surface area A, volume V, and critical temperature T c with those of similar molecules. Carbon dioxide ͑CO 2 ͒ and ethane ͑C 2 H 6 ͒ are chosen for this comparison because they are quadrupolar or nonpolar, with a more homogeneous charge distribution than methanol, while their molecular surface areas and volumes, calculated in the same approach as mentioned above, bracket those of methanol. The values are compiled in Table 1 . While the critical temperatures of carbon dioxide and ethane scale with their molecular surface areas and volumes, the critical temperature of methanol exceeds both by more than 200 K. Thus, the attractive forces among methanol molecules are considerably stronger than among the other two molecules.
These higher attractive forces in methanol arise primarily from the polarity of the molecule, but their effect depends also on the molecular architecture. In systems of small molecules, the long-range electrostatic attractions lead to the formation of associates that are favored when the molecules can interlink easily due to their geometry. These associations are strongest in small molecules with highly separated charges, e.g., hydrogen fluoride. The existence of hydrogen bonds in methanol is well known, but their effect is not as strong as in hydrogen fluoride or water. Given these microscopic features of methanol, a correlation of its viscosity should account for the asphericity of the molecule, for long-range electrostatic attractions due to its polarity, and for the formation of associates under certain conditions. Clearly, a theoretical framework to incorporate all these interactions in wide-ranging correlations has yet to be developed. Nevertheless, the viscosity correlation in this work includes as much theory as possible.
Equation of State
An equation of state is essential for the correlation of viscosity, since experimental data are generally measured in terms of pressure and temperature, while theory suggests considering the viscosity in terms of density and temperature. In this work, we calculate the density from the equation of state for methanol by de Reuck and Craven. 28 It has an uncertainty of 0.1%-0.2% in density in the vapor phase up to approximately 1 MPa and in the liquid phase up to about 250 MPa. Slightly larger uncertainties apply in the vicinity of the critical point. For further details on the equation of state and its uncertainties, we refer the reader to the IUPAC monograph of de Reuck and Craven. 28 For pressures above 1 GPa, instead of using the equation of state of de Reuck and Craven, 28 we use a Tait equation given by Cook et al. 24 that is based upon the measurements of Bridgman. 15, 16 We found better correlation of the data using these densities than with densities interpolated from the more recent density measurements up to 30 GPa obtained by Zaug et al. 145 There is a need for further experimental work to resolve discrepancies in density measurements at very high pressures.
Experimental Viscosity Data
A number of compilations of the viscosity of methanol have been carried out before but none of them was entirely inclusive. Bingham et al. 11 in 1913 compared their results with data from eight previous publications. Timmermans and Hennaut-Roland 124 noted that the viscosity of methanol had been the subject of numerous studies but referenced only five of them. In 1973 Zubarev et al. 147 correlated data from 13 literature sources dating from 1930 to 1968. These formed the basis of the tables in the second edition ͑1975͒ of the handbook of Vargaftik et al. 132 and they were republished unchanged in the third edition of 1996. In 1975, Touloukian et al. 127 provided recommended values for the viscosity of gaseous methanol in the temperature range 250-650 K from an evaluation of five literature data sources from 1933 to 1960. Yaws 143 reported correlations for the viscositytemperature dependence of the vapor and the liquid at atmospheric pressure referring only to previous compilations but not to original experimental data. In 1979 Stephan and Lucas 119 generated tables and plots of the viscosity of liquid methanol as a function of temperature and pressure covering 290-550 K with pressures to 80 MPa, based upon the data of Golubev and Petrov 47 ͑as reported in Golubev 48 ͒ and those of Isakova and Oshueva. 66 They also used the compilation of Touloukian et al. 127 and the 1960 edition of the LandoltBörnstein tables. Liley et al. 82 generated viscosity data tables of both the liquid and vapor phases relying heavily upon the work of Stephan and Lucas. 119 Viswanath and Natarajan 134 reported a viscosity-temperature correlation for the liquid at atmospheric pressure based on only three literature data sets. The German national metrology institute PhysikalischTechnische Bundesanstalt ͑PTB͒ published in the early 1990s a series of recommended property values for various compounds. The issue on methanol appeared in 1993 and contained a viscosity-temperature correlation for the saturated liquid from 183 to 415 K based on ten sources of original experimental data from 1958 to 1993. Barthel et al. 9 considered a total of 64 publications and included data of 41 of them in a viscosity-temperature correlation for liquid methanol from 223 to 328 K. In addition to cross-checking all previously mentioned compilations and original data sources, a comprehensive literature survey in the computer databases NIST TRC SOURCE, 42 DIPPR DIADEM, 113 and 
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the Landolt-Börnstein data collection ͑Wohlfarth and Wohlfarth 142 ͒ was performed. This resulted in a total of 243 literature sources of original experimental results or compiled and evaluated data for the viscosity of methanol from 1861 to 2006. With this many investigations, methanol is after water and ethanol the third most measured fluid in viscometry. A detailed documentation and discussion of this body of data is beyond the scope of this paper and will be published separately. Here, we confine ourselves primarily to a discussion of those data that were used in the development of the wide-ranging correlation.
The first viscosity measurements for methanol were performed in 1861 by Graham 52 in the liquid phase at atmospheric pressure. A number of such studies followed until Bridgman 14 in his pioneering work performed the first measurements on compressed methanol with a falling-body viscometer. Later Bridgman 17 extended the range to 3 GPa and 100 mPa s using a swinging-vane apparatus. Herbst et al. 60 determined the viscosity of methanol in the same pressure range as Bridgman 17 by means of dynamic light scattering measurements in a diamond anvil cell, and Cook et al. 24 extended the pressure range to 8.35 GPa with the centrifugal force rolling-sphere/diamond anvil cell viscometer. Note that most of their results pertain to the supercompressed liquid because the freezing pressure of methanol at 297 K is approximately 2.6 GPa ͓see Fig. 2͑a͔͒ . The most recent highpressure investigation of this type is that of Grocholski and Jeanloz 54 to 6.5 GPa in the temperature range 298-338 K also including several state points in the supercompressed liquid region above the melting pressure curve. Harlow 57 and Isdale et al. 67 measured the viscosity of methanol also near room temperature to pressures of 935 and 472 MPa, respectively. Their results agree mutually within their experimental uncertainties; however the uncertainties are considerably higher than at lower pressures.
An important investigation was carried out by Mitsukuri and Tonomura 92 in 1927, who measured the viscosity of liquid methanol from room temperature down to the triple point. These data were republished by Tonomura. 126 They agree quite well with the more recent measurements of Golubev and Potikhonova, 50 of Yergovich et al., 144 and of Schneider 114 in the overlapping range of low temperatures at atmospheric pressure. Titani 125 in 1933 was the first to measure the viscosity of gaseous methanol, substantially extending the temperature range to 585 K. Blokker 12 followed with high-temperature viscosity measurements of saturated liquid methanol from room temperature up to 491 K. His results agree well with subsequent measurements as seen in This brief review discusses only the more comprehensive data sets for the viscosity of methanol. Table 2 gives a more detailed data compilation including experimental methods, temperature and pressure ranges, phase state, number of reported data points, and reported or ascribed uncertainty. Several criteria, including sample purity and uncertainty level are used to select the primary data ͑shown in bold type in Table 2͒ and preference is also given to data sets that cover a wide range of temperature and pressure. The distribution of the available experimental viscosity data for methanol is illustrated in the pressure-temperature diagram in Fig. 2͑a͒ . Relevant for the correlating formulation is the viscositydensity dependence, which is shown in Fig. 2͑b͒ . The temperatures associated with all viscosity data were converted to the ITS-90 temperature scale. 105 
Methodology
The understanding of the viscosity has not yet progressed to the level where a theory of molecular interactions would allow the macroscopic transport property over wide ranges of the fluid region to be calculated in a consistent fashion. However, such an understanding has evolved in subdomains of the fluid region such as the low-density gas and the liquid. The present correlation of the viscosity of methanol is a synthesis of these theoretically well understood molecular interaction mechanisms. The viscosity as a function of temperature T and density is due to two contributions:
͑1͒
The viscosity at low densities is described by kinetic theory as a virial expansion in density
with the viscosity in the limit of zero density °͑T͒. The expansion is truncated after the quadratic term and a logarithmic term is not taken into account. B ͑T͒ and C ͑T͒ are the second and third viscosity virial coefficients. The contribution to the viscosity representing interactions under liquid conditions, E ͑ , T͒, is adopted from Enskog's theory for hard spheres. 23, 33, 34 Instead of simply adding them, we combine these contributions by a transition or crossover function f, treated in more detail in Sec. 5.4, which reflects the gradual transition from one mechanism of molecular interaction to another. Details of the contributions to the viscosity are discussed below.
Viscosity in the Zero-density Limit
The viscosity °of a fluid in the limit of zero density is not directly accessible experimentally. It is generally determined by extrapolating available experimental data at low densities to zero density. The theoretical models for gas or vapor-phase viscosity are based on kinetic theory. According to the rigorous kinetic theory of gases, 62 the viscosity °of a dilute gas of spherical particles is given by
where k = 1.380 6505ϫ 10
is the Boltzmann constant, 93 m = M / N A is the molecular mass with M being the molar mass, and N A = 6.022 1415ϫ 10 23 mol −1 is Avogadro's constant. 93 The collision diameter 0 is defined as the smallest separation distance where the intermolecular potential function is equal to zero, and ⍀ ͑2,2͒* is a collision integral that depends upon the potential function. For nonpolar gases, the Lennard-Jones potential is often applied. Neufeld et al. 98 developed empirical correlations for the temperature dependencies of the transport collision integrals of the Lennard-Jones 12-6 potential, which represent ⍀ ͑2,2͒* in terms of the reduced temperature T * = kT / 0 in the range 0.3ഛ T * ഛ 100 with an uncertainty of 0.1%. Here, 0 is the depth of the minimum of the interaction potential between two particles. The correlation of Neufeld et al. 98 for the collision integral ⍀ ͑2,2͒* is without the sine terms
͑4͒
The subscript LJ refers to the Lennard-Jones potential. For polar gases, application of the Stockmayer ͑12-6-3͒ potential SM ͑r͒
is more appropriate, since it includes a parameter ␦ that accounts for the anisotropic charge distribution from which the polarity of a particle characterized by the dipole moment arises ͑Hirschfelder et al. 62 ͒. a and b are the angles of inclination of the dipole axis to the line joining the centers of two molecules, is the azimuthal angle between them, and r is the separation distance. This potential function represents the molecular interactions by adding an embedded point dipole vector to a Lennard-Jones potential, and it reduces to the Lennard-Jones 12-6 potential when the dipole moment is zero. Monchick and Mason 94 presented the values of the reduced orientation-averaged collision integral ⍀ SM ͑2,2͒* calculated from the Stockmayer ͑12-6-3͒ potential in the range of 0.1ഛ T * ഛ 100 and 0 ഛ ␦ ഛ 2.5. Figure 3 shows the collision integral ⍀ SM ͑2,2͒* as a function of the inverse reduced tempera- available for methanol gas at low densities, and two sets 122, 135 provide viscosity data in the limit of zero density. Vogel et al. 135 obtained viscosity data for methanol in the very low-density vapor phase and derived zero-density viscosities between 310 and 615 K. Teske and Vogel 122 remeasured the viscosity of methanol vapor in this all-quartz oscillating disk viscometer of high precision along ten isochores at densities from 0.004 to 0.049 mol L −1 over the temperature range 298-598 K, and they also derived the viscosity in the limit of zero density. Teske and Vogel 122 also examined the results of Golubev and Likhachev 51 and derived zerodensity viscosities from the measurements of these authors. For primary data we selected the zero-density data of Vogel et al. 135 and Teske and Vogel, 122 and fitted the zero-density viscosity using Eq. ͑10͒ with 1.7 D for the gas phase dipole moment of methanol. Figure 4 shows the deviations between the calculated values of gas viscosity and experimental values in the limit of zero density. The correlation represents the primary data to within their experimental uncertainty of 0.3% at the 95% confidence level. At the highest temperatures, decomposition of the samples may occur. Bruno and Straty 19 reported significant decomposition of methanol at temperatures above 473 K. Teske and Vogel 122 paid particular attention to possible decomposition and observed such effects at temperatures consistent with those reported by Bruno and coworkers, 19, 20 but did not report data that may have been affected by decomposition.
Density Dependence in the Gas Phase
Analogous to the virial expansion of the compressibility factor Z, the reduced viscosity g of a gas at low density may be written as a truncated expansion in terms of density up to the quadratic term
where °is the viscosity in the limit of zero density, as given in Eq. ͑3͒, and B and C are the second and third viscosity virial coefficients. In order to obtain an accurate representation of the behavior of the viscosity in the vapor phase, it is important to consider the temperature dependence of the linear density term. 136 Rainwater and Friend 41,108,109 developed a theory for the temperature dependence of B for a LennardJones ͑12-6͒ potential, whose theory was later improved to fit molecular substances by Bich and Vogel. 10 In order to better represent the behavior at low reduced temperatures, Laesecke developed a structurally optimized correlation for B * as a component of the reference correlation for the viscosity of propane by Vogel et al. 
͑13͒
Here B is in units of the volume and 0 and 0 are the Lennard-Jones ͑12-6͒ potential parameters. Eq. ͑13͒ is also valid over the reduced temperature range 0.3ഛ T * ഛ 100. The coefficients b i given in Vogel et al. 136 are reproduced in Table 3͑b͒ for convenience.
In the absence of a theory for the third viscosity virial coefficient C * an empirical correlation was developed for its temperature dependence
The coefficients for Eq. ͑14͒ were determined by fitting experimental data for C reported by Hurly et al. 65 and by Wilhelm and Vogel 141 using published values of the LennardJones scaling parameters for argon, krypton, and nitrogen, 10 methane, 137 sulfur hexafluoride, 120 and propane. 136 We determined the Lennard-Jones parameters for carbon tetrafluoride and hexafluoroethane by fitting the zero-density viscosity data of Hurly et al. 63 The behavior of the correlation is illustrated in Fig. 5 . We then adapted the equation for methanol, fitting the vapor-phase viscosity data of Golubev and Petrov, 47 Vogel et al., 135 and Teske and Vogel 122 and obtained the coefficients in Table 3͑b͒ . The equation was scaled so that one set of potential parameters 0 / k, 0 can be used in Eqs. ͑3͒, ͑13͒, and ͑14͒, the resulting coefficients are given in Table 3͑b͒ .
Since theory for the second and third viscosity virial coefficients of the polar Stockmayer potential is unavailable, B * and C * for the strongly polar methanol molecule have to be approximated from the nonpolar Lennard-Jones potential. For potential parameters, the values for 0 / k and 0 found from fitting the zero-density data to the Stockmayer potential, Eq. ͑11͒, were used. The final representation of the vapor-phase viscosity of methanol in Eq. ͑12͒ then is the result of first applying the Stockmayer potential to obtain the zero-density viscosity °from Eq. ͑3͒ with the scaling parameters 0 / k, 0 , and ␦, followed by the use of the viscosity virial coefficient expressions given in Eqs. ͑13͒ and ͑14͒.
High-density Region
Equations ͑3͒, ͑13͒, and ͑14͒ are applicable only in the vapor phase. For dense fluids, we apply the theoretical model 
͑15͒
where L is the viscosity in the liquid phase and HS is the viscosity of hard spheres in the limit of zero density. Since the methanol molecule is not really a hard sphere, we set HS = °, where °is the zero-density viscosity from Eq. ͑3͒.
The radial distribution function for hard spheres at contact, g͑ HS ͒, was given by Carnahan and Starling, 21 g͑ HS ͒ = ͑1 − 0.5͒/͑1 − ͒ 3 , ͑16͒
with the packing fraction = b / 4, the number or particle density , and the close-packed volume b =2N A HS 3 / 3. The temperature and density dependence of HS is fitted as follows:
͑17͒
where r = / c is the reduced density and T r = T / T c the reduced temperature. The values of the critical density c = 273 kg m −3 and critical temperature T c = 512.6 K are those of Gude and Teja. 55 We also define the parameter c = ͑6M / c N A ͒ 1/3 = 0.7193422 nm. Equation ͑17͒ combines a dependence on inverse reduced temperature with a dependence on density, which decreases as the temperature increases. The parameters d i and e i are given in Table 3͑b͒ as obtained from fitting experimental liquid-phase viscosity data for the primary data, indicated in bold in Table 2 . We caution that these parameters do not have physical meaning but are used to correlate the experimental data.
The Entire Viscosity Surface
In order to represent the entire viscosity surface from the dilute gas to the liquid region, we combine the dilute-gas expression in Eq. ͑12͒ with the dense-fluid correlation given in Eq. ͑15͒ using a transition function f
where is the viscosity at any temperature and density over the entire fluid region. The function f =1/͕1 + exp͓5͑ r −1͔͖͒ is an empirical transition function from the low density to the high density region that reflects the gradual change of molecular interaction mechanisms.
We have omitted a term specific to the critical region. The critical enhancement of the viscosity is observed in only a very small region around the critical point, 40, 116, 136 and at this time, sufficiently accurate experimental data for methanol are not available in this limited region to support the development of a critical-enhancement term. We note, however, that according to scaling-law theory the viscosity of a pure fluid at the gas-liquid critical point is infinite. Table 2 presents percent deviations of literature data sets with more than two data points from the values calculated with Eq. ͑18͒. The following definitions are used:
Results and Discussion
and the maximum percent deviation ͑Max. Dev.͒ is listed as well. In Figs. 6-8 we compare selected experimental viscosity data in the vapor and liquid phases with the correlation, Eq. ͑18͒. Figure 6 gives the deviations from the experimental data for the vapor-phase viscosity of methanol. Figures 7͑a͒  and 7͑b͒ show deviations of the correlation from the primary data as a function of density, while Fig. 8 presents the deviations as a function of pressure. In general, Figs. 6-8 demonstrate that the present correlation provides a good representation of the viscosity of methanol from very low density to very high pressure. Figure 6 gives comparisons of viscosity data of methanol vapor at very low densities ͑less than 2 kg m −3 ͒. Primary data used in the correlation are the results by Vogel et al. 135 as well as Teske and Vogel. 122 The new correlation reproduces the data of Vogel and collaborators to within 0.6% at the 95% confidence level. Substantial data sets were contributed by Golubev and Petrov, 47 Golubev and Kovarskaya, 49 as well as Golubev and Likhachev. 51 The data of Golubev and Figure 7͑a͒ displays the deviations of selected primary data at densities from 100 to 1000 kg m −3 . In the middensity region, the experimental results of Golubev and Petrov 47 exhibit large scatter below 600 kg m −3 , but for liquid phase points below 510 K the deviations are within about 3%. There are higher deviations along the isotherms 523.15 and 543.15 K; although these isotherms are close to the critical isotherm, it seems that the large deviations are not due to the lack of a critical enhancement term in the present correlation. Rather, the fluid flow in the capillary viscometer may have been affected at these pressures and temperatures by compressibility effects, which were not considered in the data analysis because an understanding was developed only later by van den Berg et al. 131 The results of Blokker 12 also scatter considerably bracketing the deviations of the results of Golubev and Petrov. 47 The atmospheric pressure data of Mitsukuri and Tonomura, 92 Hammond et al., 56 Lee et al., 81 and Soliman and Marschall, 118 show deviations within 2%.
At pressures up to 30 MPa, the data of Matsuo and Makita 88 and Assael and Polimatidou 7 also deviate within about 2%.
The data of Weber 138 extend to higher pressures of 50 MPa and deviate within 3%. Figure 7͑b͒ shows deviations between several data sets at FIG. 6 . Percent deviations of the gas-phase viscosity data as a function of density, at very low densities ͑less than 2 kg m −3 ͒ for methanol with values calculated from the present method, Eq. ͑18͒.
elevated pressures and the correlation in the density range from 600 to 1500 kg m −3 . The deviations of the early highpressure data sets of Bridgman 14, 17 deviate in opposite direction to maxima of 17% and −13%. The quoted uncertainty of the data by Isakova and Oshueva 66 is 1% but their average absolute deviation from the correlation is 2.4%. The data of Harlow 57 were measured in a falling-cylinder viscometer with a quoted uncertainty of 1.4%. They are represented to within 2% at pressures up to 500 MPa and to within 4% to their maximum pressure of 935 MPa. The data of Jonas and Akai 71 were measured with a rolling-sphere viscometer on deuterated methanol in a wide range of temperatures from 223 to 323 K with pressures up to 500 MPa. While their quoted experimental uncertainty is 3%, their deviations from the correlation scatter unsystematically up to a maximum of −8.9%. The results of Kubota et al. 77 were obtained in a falling-cylinder viscometer and are represented within their quoted uncertainty of 2%. The data of Isdale et al. 67 with a quoted uncertainty of 2% cover a pressure range similar to those of Harlow 57 but show larger deviations; up to −5% at pressures below 100 MPa, and up to −10% at 500 MPa, with the largest deviations at the lowest temperature, 298 K. The data of Zéberg-Mikkelsen et al. 146 obtained with a fallingbody method with quoted uncertainty of 2%, cover pressures up to 100 MPa, and have an average absolute deviation of 1% with a maximum deviation of −2.8%. We became aware of this set after the development of the correlation, and it was not used in the determination of the coefficients.
As mentioned in Sec. 4, methanol is among those fluids whose viscosity has been investigated to extremely high FIG. 7 . ͑a͒ Percent deviations as a function of density ͑100-1000 kg m −3 ͒ of selected viscosity data for methanol from values calculated from the present method, Eq. ͑18͒; and ͑b͒ percent deviations as a function of density ͑600-1500 kg m −3 ͒ of selected viscosity data for methanol from values calculated from the present method, Eq. ͑18͒. or alternatively in SI units ͑Pa s, K, m͒ °= 2.66957· 10
The following parameterization of the reduced collision integral of the Stockmayer potential is developed in this work: 
͑9͒
Second viscosity virial coefficient:
͑13͒

Third viscosity virial coefficient:
The reduced viscosity at high density according to the Enskog theory is: pressures. As seen in Figs. 2͑a͒ and 8 , the maximum pressure of 8.35 GPa was attained in the viscosity measurements of Cook et al. 24 with an ingenious rolling sphere in a diamond anvil cell mounted on a centrifuge. The correlation does not represent the data at such high pressures to within their estimated uncertainty of 2.8-12%; however no systematic trends are apparent and the correlation can be used in a qualitative manner to represent the viscosity behavior at these extreme conditions. Other high-pressure data whose deviations are shown in Fig. 7͑b͒ are the light-scattering data by Herbst et al., 60 from the same laboratory as those of Cook et al., 24 as well as the measurements of Grocholski and Jeanloz 54 and by Zéberg-Mikkelsen et al. 146 The deviations as a function of density in Fig. 7͑b͒ and as a function of pressure in Fig. 8 suggest that the new correlation represents the data at extreme pressures consistently albeit not within their quoted experimental uncertainty. However, the data sets of Cook et al. 24 and Grocholski and Jeanloz 54 appear to lack consistency in the viscosity-density diagram, Fig. 2͑b͒ . At this time, there is not enough information for a final evaluation of the uncertainties of these experimental results.
Some data points of Cook et al. 24 and Grocholski and Jeanloz 54 are in the metastable, supercompressed region above the melting pressure ͓cf. Fig. 2͑a͔͒ . The deviations of their viscosities from the new correlation suggest that the correlation can be used in this region to a certain extent. However, the functional form of the correlation is not suitable to predict the increase of the viscosity at lower temperatures and/or higher pressures.
Tabulations and Overall Uncertainty Assessment
To facilitate its implementation, Table 4 presents a summary of the new viscosity correlation for methanol. Tables 5  and 6 list calculated viscosity and density data of methanol along the saturation boundary and in the single-phase region for pressures up to 800 MPa. Equation ͑18͒ was used to compute the values of the viscosity, while the densities are from the equation of state of de Reuck and Craven. 28 The tables provide reference values and may also be used to validate computer codes. Figure 9 summarizes the estimated uncertainties of the present correlation. Uncertainties in the light gray regions are based on comparisons with experimental data, while those in the dark gray regions are estimated. Figure 10 shows the three-dimensional viscosity surface as a function of temperature and density calculated from the present correlation, Eq. ͑18͒. It should be noted that the viscosity is shown on a logarithmic scale covering more than 4 orders of magnitude.
It is also noted that the correlation yields negative viscosity values in a small part of the two-phase region near the saturated vapor locus at low temperatures. This behavior is physically not meaningful and arises due to the negative second viscosity virial coefficient B not being sufficiently balanced in that region by the third viscosity virial coefficient C . Some applications of corresponding states may enter this region during iterations and it may be a concern for some users of the correlation. This artifact will be avoided effectively once the temperature dependence of the third viscosity virial coefficient C ͑T͒ is elucidated by progress in extending the Rainwater-Friend theory.
Conclusions and Recommendations for Further Study
We present a new reference-quality correlation for the viscosity of methanol that combines the kinetic theory for the dilute gas, Rainwater-Friend theory for the initial density dependence, the third viscosity virial coefficient for the quadratic density dependence in the vapor phase, and Enskog hard-sphere theory for the high-density fluid region. The viscosity behavior is described over the entire fluid domain including gas, liquid, and supercritical states in a unified way. The model contains empirical parameters but is based in part on kinetic theory. The correlation in this work is specific for methanol and contains parameters determined by regression of the experimental data; however, the approach is general and can be applied to other polar and nonpolar fluids as well. The resulting correlation is applicable for temperatures from the triple point to 630 K at pressures up to 8 GPa. The uncertainty of the resulting correlation ͑with a coverage factor of 2͒ varies from 0.6% in the dilute-gas phase between room temperature and 630 K, to less than 2% for the liquid phase at pressures up to 30 MPa at temperatures between 273 and 343 K, 3% for pressures from 30 to 100 MPa, 5% for the liquid from 100 to 500 MPa, and 10% between 500 MPa and 4 GPa. At very high pressures, from 4 to 8 GPa, the correlation has an estimated uncertainty of 30% and can be used qualitatively.
There is a need for additional measurements to resolve discrepancies in density measurements at very high pressures as a prerequisite for better correlations of the viscosity, and to the development of improved equations of state for methanol. Particularly desirable are further viscosity measurements in three regions. Apparent from Fig. 2͑b͒ is the sparsity of the available viscosity data for methanol in the density range from 100 to 500 kg m −3 . The corresponding pressure range is indicated by the isochors in Fig. 9 . While it may appear small, measurements in this range should be carried out in small pressure increments because of the steep slopes of the density and viscosity surfaces. A second region of priority for further viscosity measurements is the temperature range from the triple point ͑175.91 K͒ to approximately 300 K with pressures from the vapor pressure curve to the melting pressure curve and possibly beyond. Such measurements are needed to resolve the temperature dependence of the viscosity surface that is delineated in Fig. 2͑b͒ by the data sets of Mitsukuri and Tonomura 92 as well as Cook et al. 24 and Grocholski and Jeanloz. 54 Finally, further viscosity measurements would be useful in the temperature range from 350 to 600 K at pressures from 100 MPa to 10 GPa. While these conditions present formidable experimental challenges, the fundamental knowledge to be gained about the behavior of matter would certainly warrant such efforts. 
